The 5' sequences of late mRNA specified by several constructed or naturally occurring deletion or duplication mutants of simian virus 40 were examined. The mutants included viruses with various small deletions centered about 25 nucleotides upstream from the major transcription initiation site, as well as viruses containing tandem duplications of a sequence of 50 nucleotides or less embedding the major transcription initiation site. The results show that the sequences 25 to 30 nucleotides upstream from the major initiation site in the position of the TATA box of other polymerase II promoters are not essential for the precise localization of the initiation site of late mRNA. Rather, we deduce that the major late mRNA start site is determined primarily by sequences located very close to the initiation site, and that the relative abundance of the 5' ends with this initiation site is modulated by nearby downstream sequences. Modification of six nucleotides adjacent upstream to the initiation site almost completely prevents the utilization of this site. Various deletions and substitutions of sequences 21 nucleotides or more downstream from the major initiation site causes upstream shifts in the localization of the most abundantly utilized 5' ends. The sequences immediately downstream from the major simian virus 40 initiation sites contain inverted symmetries that could give rise to secondary structures in either single-stranded DNA or RNA; the possibility that these inverted symmetries function in transcription initiation at the level of DNA structure rather than in RNA stabilization is discussed. Finally, we present additional evidence that precursor species with certain 5' termini are selectively spliced to form 19S RNA, whereas other 5' termini are preferred for forming the 16S RNA splice. We discuss the possibility that this is a consequence of the influence of leader structure on downstream splicing events.
The 5' sequences of late mRNA specified by several constructed or naturally occurring deletion or duplication mutants of simian virus 40 were examined. The mutants included viruses with various small deletions centered about 25 nucleotides upstream from the major transcription initiation site, as well as viruses containing tandem duplications of a sequence of 50 nucleotides or less embedding the major transcription initiation site. The results show that the sequences 25 to 30 nucleotides upstream from the major initiation site in the position of the TATA box of other polymerase II promoters are not essential for the precise localization of the initiation site of late mRNA. Rather, we deduce that the major late mRNA start site is determined primarily by sequences located very close to the initiation site, and that the relative abundance of the 5' ends with this initiation site is modulated by nearby downstream sequences. Modification of six nucleotides adjacent upstream to the initiation site almost completely prevents the utilization of this site. Various deletions and substitutions of sequences 21 nucleotides or more downstream from the major initiation site causes upstream shifts in the localization of the most abundantly utilized 5' ends. The sequences immediately downstream from the major simian virus 40 initiation sites contain inverted symmetries that could give rise to secondary structures in either single-stranded DNA or RNA; the possibility that these inverted symmetries function in transcription initiation at the level of DNA structure rather than in RNA stabilization is discussed. Finally, we present additional evidence that precursor species with certain 5' termini are selectively spliced to form 19S RNA, whereas other 5' termini are preferred for forming the 16S RNA splice. We discuss the possibility that this is a consequence of the influence of leader structure on downstream splicing events.
In most eucaryotic systems, an RNA polymerase II promoter region is typified by the presence of an A+T-rich sequence of approximately eight bases located upstream from the major transcription initiation site. Commonly termed the Hogness-Goldberg box, this sequence of the form TATAAA importantly positions the initiation of major RNA transcripts +25 to +30 nucleotides downstream (2, 7, 11, 13, 35, 39) , although the precise initiation site may be locally heterogeneous (13, 23) . In contrast, the simian virus 40 (SV40) late transcription unit lacks any obvious Hogness-Goldberg box sequence. The locations of the 5' ends of SV40 late RNA are extremely heterogeneous, spanning some 300 nucleotides (4, 17) and are t Present address: Cetus Corp., Emeryville, CA 94608. not precisely located with respect to any particular short sequence either upstream or downstream. The locations of the 5' ends of SV40 early RNA (13) and sea urchin histone RNAs (18) show increased heterogeneity if the Hogness-Goldberg box is deleted, but not to an extent approximating that for SV40 late RNA. The analogous transcription unit in the related papovavirus, polyomavirus, also exhibits extreme heterogeneity in the location of RNA 5' ends. A Hogness-Goldberg-like box is present in this system, but only a small proportion of the abundant late RNA 5' ends is located 30 + 5 nucleotides downstream from it (9).
Studies of the late RNA produced by SV40 mutant viruses in which DNA encoding the major late RNA tion of that site. In particular, deletion mutants removing sequences 25 or more residues downstream of the major initiation site caused substantial upstream shifts in the location of the 5' ends of the majority of the late RNA (41) .
In the present report we have reinvestigated certain aspects of SV40 late mRNA production in vivo and constructed new mutants in which segments of the putative promoter region for SV40 late RNA are either deleted or duplicated in an attempt to further define sequences involved in late RNA production. The studies suggest that the sequence adjacent to and the sequences near downstream from the initiation sites for late transcription play critical roles in locating the sites of initiation of this late transcription. A hypothetical model able to account for these influences is discussed.
MATERIALS AND METHODS
Most of the experimental procedures, including conditions for cell culture and infection, the wild-type virus used (776), nucleotide numbering system, preparation of late cytoplasmic and nuclear polyadenylated RNA, and 5'-32P primer extension analysis of SV40-specific RNA, were as described in detail previously (41) . The primer for 16S RNA is the HaeIII-HindIIl SV40 DNA fragment hybridizing to residues 1382 through 1415; the primer for 19S RNA is the Sau96I DNA fragment hybridizing to residues 479 through 509. In the present studies the CV-1 continuous line of African green monkey kidney cells was used. The virus 777N is presumably the wild-type variant 777, but is here designated by the additional letter N (Norkin) to indicate the particular isolate used. This virus and the virus SP1 have been described previously (37) , and their genomes have been partially sequenced (38) .
Restriction endonucleases and T4 DNA ligase were purchased from New England Biolabs, Beverly, Mass. Escherichia coli DNA polymerase, large fragment, and (_y-32P)ATP and a-32P-deoxynucleotide triphosphates were purchased from New England Nuclear Corp., Boston, Mass. S1 nuclease was purchased from Bethesda Research Laboratories, Rockville, Md. All commercial enzymes were used according to the manufacturer's conditions. T4 polynucleotide kinase was supplied by Richard Wang of this laboratory and used as described previously (41 (15) , and concentrated by ethanol precipitation. The DNA fragment containing the early portion of the genome from the blunt MspI site to the EcoRI site was ligated to the shorter fragment containing part of the late region from the blunt KpnI site to the EcoRI site (Fig. 1) . Various amounts of the ligated material (from 0.1 to 10 ng/106 cells) were transfected into CV-1 cells by the method of Chu and Sharp (5) , except that the glycerol shock treatment was not done. (It is our experience that inclusion of a glycerol shock treatment results in a substantial loss in viable cells and an overall decrease in the number of transfected cells.) At 24 h after transfection, cell monotayers were overlaid with 1.5% agar containing minimal essential medium (Earle salts) supplemented with 2 mM glutamine, 250 U of penicillin G per ml, 250 ,ug of steptomycin sulfate per ml, 2% agammaglobulin, and heat-inactivated calf serum, but lacking phenol red. Monolayers were fed every fourth day with the agar medium, but containing only 0.5% serum, until plaques were visible. The monolayers were then stained with neutral red (0.001% in an agar medium overlay) to facilitate visualizing the plaques. Individual plaques were picked into sterile 50 mM Tris (pH 8.0) and extracted once with chloroform; the virus was then propagated in CV-1 cells, and virus stocks were prepared as crude freeze-thawed lysates from monolayers showing about 80% cytopathic effect (CPE). Individual virus stocks were screened for genomic construction and purity by examining an appropriate restriction digest pattern of a small amount of viral DNA prepared as described below. KMTD2 and KMTD3 were isolated as having potential KpnI-MspI tandem duplications. dlKMTD3/2-7 and other derivatives of the tandem sequence construction in the KMTD viruses were constructed in a fashion similar to that above (Fig. 2) . The constructions differed in two important ways. First, a more extensive treatment with S1 nuclease was performed on those restriction sites around which a deletion was desired. For example, in cohstructing dlKMTD3/2-7, KpnI-cleaved KMTD3 parent DNA was treated with S1 nuclease at 37°C for 30 min. The appropriate fragment of the genome was ligated to the complementary fragment of KpnI-cleaved wild-type DNA made just blunt end with a brief S1 nuclease treatment to obtain an essentially unidirectional deletion of sequences downstream of the KpnI site in KMTD3. Second, genome portions were not separated on polyacrylamide gels before ligation as above; ligation and selection of the appropriate genome portions were optimized by cleaving undesired regions with other restriction enzymes followed by treatment with S1 nuclease (Fig. 2) (37) . The sequences of the pertinent portions of the two viruses, strain 777N and strain SP1, are shown in Fig. 3b and c. Both have a 17-base-pair (bp) deletion encompassing the KpnI site (Fig.  3a) ; SP1 also contains a 47-bp substitution at that point. SP1 is apparently derived from strain 777N and has evolved a nearly perfect duplication of the DNA template encoding the major 5' end of late SV40 mRNA at residue 243. The sequence from residue 214 through 257 is dupli- As determined by primer extension analyses ( Fig. 4a and b, Fig. Sa ) and confirmed by DNA sequencing of the cDNAs, the late mRNA produced by both of these strains (777N 19S RNA was not examined) showed several interesting deviations from the patterns of wild-type SV40 late mRNA leader sequences (data not shown; 17, 42). These results are summarized in Tables  1 and 2 and Fig. 7 Comparative primer extension analysis of the RNA produced by viruses with these small deletions of the upstream end of the intraleader splice showed that the principal 5' end of 16S mRNA is unaltered in position (Fig. 6, lanes Third, the results again confirm the conclusion that the initiation codon used for translation of the major viral capsid protein, VP1, functions effectively even if it is preceded by two or more initiation codons present in the late leader sequence (for a review, see reference 31a). This has previously seemed likely, but the minor forms of wild-type 16S RNA with internal splices in the leader removing the upstream initiation codons theoretically could encode VP1. The ability to bypass the upstream initiation codons is true also with d1626, which lacks the acceptor site of the intraleader splice (41) . Unlike d1626, though, the present mutants retain all of the coding sequences of the late leader.
Tandem duplication of the region surrounding the major RNA initiation site. To investigate further which sequences are important in locating the 5' ends of late RNA, we constructed and studied mutants of SV40 virus in which there are direct tandem duplications of the sequences immediately surrounding the template for the major 5' end at residue 243. The construction of these mutants is described above and the sequence structures of the resulting mutants used in the present studies are shown in Fig. 3h through j.
These viruses mimic the situation in the spontaneous mutant SP1 in which the sequences about residue 243 are duplicated, but lack the additional base changes noted in SP1. Residues 218 through 264 in KMTD2 and residues 215 through 264 in KMTD3 are duplicated.
The mutant dlKMTD3/2-7 was constructed with a deletion encroaching on the tandem duplicated sequence from the upstream KpnI site. Derived from KMTD3, it has effectively a shorter tandem duplication than KMTD3 or KMTD2 so that only the 20 nucleotides preceding the upstream 243' site are preserved.
For KMTD2 and KMTD3, both 19S and 16S mRNAs were examined by primer extension and in alternate instances, as indicated below, by sequencing of cDNA extension products. These viruses, which differ in structure only by three nucleotides in the length of the duplicated se-leaders ( Fig. 6a and b ; data for 19S RNA not quence, direct almost identical late RNA pro-shown, but patterns are virtually identical). files in which the three nucleotide sequence Therefore, it was necessary only to sequence the difference is reflected in the lengths of the longer cDNA extension products of one 16S RNA (17) . pattern (KMTD3) and one 19S RNA pattern (KMTD2) ( Fig. 4c and 5b ; Tables 1 and 2 ). The results are summarized in Fig. 7 A strong RNA start site at residue 230' was also noted. This is reminiscent of that reported above for SP1 but differs, however, in that the upstream 230' residue is utilized here rather than the downstream 230 residue utilized in SP1.
Although the KMTD viruses specify considerably longer and structurally altered late leaders, as with late leader region deletion mutants (14, 21, 41) , no internal splice was noted that had not already been described for wild-type SV40 late RNA. Additionally, the relative abundance of 5' ends at residues 230' and 243' demonstrates uniquely that large amounts of SV40 16S RNA with long leader sequences lacking internal splices may be produced. An overall comparison of the location of 19S and 16S 5' ends also provided another example of the preferential use of RNA initiated at certain 5' sites (residues 190 through 210 and 224) for 19S RNA splicing and of RNA beginning at other sites (residue 182) for 16S RNA splicing. This phenomenon was noted previously for late RNA specified by wildtype SV40 (17) and by certain deletion mutants (41) , although the exact sites vary with the virus studied. We also analyzed nuclear RNA from KMTD3 with the primer specific for 19S RNA (Fig. 5c ) and with a primer hybridizing nearer the major 5' ends of the RNA from residue 262 to 278 (an HhaI-MspI SV40 DNA fragment, data not shown). Primers hybridizing further downstream on the nuclear precursor (including that used for 16S RNA analysis) were not employed since the resulting long cDNAs would be difficult to resolve and analyze. The results showed that all RNA species detected are unspliced and retain 5' ends represented in the cytoplasmic RNA. Approximately equal amounts of KMTD3 RNA begin at residue 243' and 243 (Fig. Sc) , consistent with the results for cytoplasmic RNA ( Fig. 7 and 8) . In Fig. Sc, It should also be noted that the abundant forms of late RNA produced by dlKMTD3/2-7 have 5' ends lying in the upstream duplicated sequence from 230' to 243' and adjacent immediately upstream to it. Relative to the 16S RNA results for KMTD3 (parent virus to dlKMTD3/2-7), it seems that the effect of the secondary deletion about the KpnI site is both to enhance the abundance of the upstream 243 site (243' over 243) and to suppress the utilization of sites further upstream (no sites upstream of residue 182 and decreased utilization of site 182). This is true although the sequence upstream and for over 20 nucleotides downstream was the same as that in wild-type virus.
In addition, since each of these KMTD series mutants contains the entire coding sequence for the normal agnogene product and produces substantial amounts of RNA whose structure corresponds to that of the major late 16S mRNA, the infected cells would synthesize the "agnoprotein" (26, 29) encoded in the leader. Therefore, the various effects on upstream initiation sites displaced away from residue 243, etc., are probably not due to inactivation of the agnogene product as might be argued for deletion mutants (1, 36) . Finally, the relative abundance of RNA containing tandem replications of the 3' portion of the late leader sequence in each of these mutants is not substantially different from that for the wild-type virus, affirming our impression that the abundances of tandemly duplicated RNA noted in 777N and in SP1 was not simply a consequence of alterations of the templates for the 5 quence located -25 to -30 nucleotides from the major late transcript either could be functionally analogous to the TATA or Hogness-Goldberg box noted in other eucaryotic promoters or could play a predominant role in determining the abundance of that transcript. Longer cDNA products of 16S RNA directed by the diK series of viruses were observed, whereas a shorter cDNA product noted for the wild-type virus was absent. These differences are likely due to the inability of dlK RNA to form the intraleader splice, with the result that 16S RNA beginning upstream of 243 has correspondingly longer leaders, rather than being due to a more direct influence of the upstream alteration on the selection of 5' ends. In addition, the downstream 243 site in KMTD2 and KMTD3 is utilized abundantly, even though one effect of the tandem construction is an alteration of the sequences upstream more than 26 and 29 nucleotides, respectively. Finally, the deletion in dlKMTD3/2-7 comes within 19 nucleotides of the duplicated and abundantly utilized 243' start site. In this last example, it should be noted that the 243' site is utilized more frequently than it is in the parent virus KMTD3. This effect may be the result of a combination of influences, as discussed below, rather than an example of a direct influence of an upstream sequence on a major start site.
On the other hand, the overall upstream shift in the selection of abundantly utilized 5' ends in KMTD2 and KMTD3 cannot be a compensation for the inability to form "normal" transcripts, e.g., those beginning at residue 243, as could be argued for d1626 or other deletion-substitution mutants (1, 36, 41) . The KMTD viruses obviously retain and utilize abundantly the "wild-type" 202 nucleotide long late leader beginning at residue 243. Hence, the abundant utilization of sites upstream of residue 211 must result from the influence of local sequences. Recently, Brady et al. (3) examined total cellular RNA directed by a deletion mutant, pSVs-KB6, which lacks the identical residues that dlK-M6 lacks (Fig. 3) . They report that the effect of the deletion was to decrease severalfold the utilization of the 243 start site in vivo and to promote the utilization of five alternative start sites 35 to 152 nucleotides upstream of the 243 site. However, the authors did not distinguish cytoplasmic from nuclear RNA and did not evaluate the contribution of the intraleader splice to the Si mapping patterns of wild-type RNA.
Qualitatively, specification of the major 5' start site at residue 243 is independent of sequences in contiguity more than 19 nucleotides upstream or 21 nucleotides downstream. The duplicated 243' site is the major start site of 16S RNA for dlKMTD3/2-7 and is a prominent start site for late RNA of KMTD2 and KMTD3.
Piatak et al. (41) previously reported that the 243 site was utilized, although to a lesser degree, for 16S and 19S late RNA specified by d1626, even though the deletion in that virus begins 24 nucleotides downstream of that site. The results of our analysis on the late RNA of SP1 also support this finding and lead us to suggest that the sequences immediately adjacent to the major 243 site are most critical in specifying it as an RNA 5' site. In this instance, the 243' site of SP1 is not utilized in 16S RNA and is a minor start site for 19S RNA. The duplicated sequence in SP1 differs primarily from those of KMTD2 and KMTD3 in having a 6-bp insertion adjacent upstream to the duplicated 243' site. This argues against the simplest form of a "primerase" model, in which initiation begins wherever the first few nucleotides of the transcript match a preferred sequence. To the contrary, the results suggest that the first six nucleotides upstream of a 243 site are a component of the "recognition" sequence specifying initiation at 243.
Quantitatively, major nucleotide substitutions altering the sequences downstream of residue 264 have a significant effect on the frequency of expression of the upstream 243 site in late RNA. In KMTD constructs, there is a gross alteration of the sequence downstream of residue 264', and there is an apparent upstream shift in the selection of abundant 5' ends relative to 243'. This is analogous to the results observed previously for d1626 (41) which has only one copy of the 243 site and lacks residues 267 through 419. KMTD2 and KMTD3 also differ from d1626 in that they contain the entire agnogene-coding region and produce substantial amounts of RNA that is identical to wild-type mRNA for the agnoprotein product. This excludes the possibility that deletion of the agnogene was responsible for the shift in the location of 5' ends of SV40 late RNA. It thus indicates that the principal effects of the lesion in d11626 and perhaps of the substitution of insulin-coding sequences for SV40 late leader segments (20) are the direct result of the alteration of sequences downstream from 265 that influence the local upstream transcription initiation site.
It should be noted, however, that the decreased utilization of the upstream 243' site in KMTD2 and KMTD3 is not as pronounced as that observed for d11626. In fact, the results of the analysis on 16S RNA of dlKMTD3/2-7 contrast with those of the KMTD3 parent in that the upstream 243' site is utilized more than the 243 site.
Clearly, the mechanism for determining and selecting SV40 late RNA start sites is unconventional relative to the current model for polymerase II transcription units. Some correlation can be made between gross sequence alterations in VOL. 48, 1983 on the late leader template and the position of abundant RNA start sites formed in vivo. These observations tend to suggest that late region genomic structures other than upstream promoter boxes are most influential in specifying RNA start sites.
Several groups using electron microscopy (28, 45) and enzymatic digestion (27, 44, 46, 53, 54, 56) have demonstrated that the genomic region extending from about the origin of replication and including the template for the early RNA 5' ends through the template region for the late RNA 5' ends is structurally distinct in SV40 chromatin. This region in isolated SV40 minichromosomes is devoid of nucleosome structure and is particularly sensitive to DNase I both in vitro and in situ in infected nuclei. Saragosti et al. (44) mapped the limits of this DNase Isensitive region and also demonstrated several particularly "hypersensitive" sites located within it. A similar DNase I-sensitive region has been described for the related papovavirus, polyomavirus (25) , and DNase I-sensitive sites at the 5' ends of cellular active genes have been reported by several groups (10, 30, 34, 43, 49, 50, 57, 58) . Importantly, Larsen and Weintraub (31) have recently shown that these regions are partially single stranded, possibly due to hairpin structures.
It is tempting to speculate that the multiplicity of SV40 late RNA start sites is correlated with an easily accessible template DNA in the open chromosomal configuration noted above. Cowie et al. (9) considered a similar explanation to account for the heterogeneous location of polyomavirus late RNA 5' ends. However, it is not sufficient here to explain either the abundance of SV40 RNA initiating at residue 243, which lies just outside of the DNase I-sensitive region, or the effects of leader region deletions and duplications on shifting locations and abundance of utilized start sites. Another possibility is that transcripts are initiated randomly and those having particular 5' ends and 5' terminal sequences are stabilized differentially. Haegeman et al. (21) previously offered a similar argument to explain the occurrence of a major 16S RNA cap site at residue 208 for d11811, which lacks 40 bp centrally encoding the major wild-type RNA cap site. They observed that stable hairpin-like structures could be drawn downstream of the 5' ends of both the wild-type (Fig. 9 ) and d11811 major late RNA species; they suggested that these structures might play a role in stabilizing the initial 5'-terminal sequence, thus allowing transcription to proceed. Presumably, other differentially stable transcripts might retain other stabilizing structures or conformations. Degradation of unstable structures would have to be very rapid. As we have shown previously (41) and in this report (Fig. Sc) , the patterns of 5'-end locations for extracted nuclear RNAs approximate that of the stable cytoplasmic species. Also, in the presence of actinomycin D, minor cytoplasmic RNA species with 5' ends other than the major forms were as stable as the major RNA species (41) . The possibility that 5' ends are generated by the processing of a longer transcript or that the same (or other) hairpin-like structures are recognized by processing enzymes which generate such ends (or both) seems unlikely. Contreras and Fiers (6) established previously that the principal SV40 late RNA capped ends correspond to transcription initiation sites. Also, to date only vaccinia virusinfected cells are known to have the capacity to add caps to RNA with 5'-terminal monophosphates (48) . Although it is possible that such a model for the selection of SV40 late RNA 5' ends might function, it also seems insufficient to account for the extreme diversity in the location and abundance of late RNA 5' ends in the wildtype and leader region mutant virus systems. It is more likely that selective transcript conservation is a secondary feature of the accepted model of transcription initiation in which the RNA polymerase recognizes certain sequences and initiates at specific sites in the DNA template. In this regard, the DNA equivalent of the potential, strong hairpin-like structures described for the 5'-terminal RNA sequence for the SV40 late region can be considered. The possibility must be seriously entertained that the DNA at the time of transcription initiation has melted in such a way that a particular downstream secondary structure is formed that, together with local sequences at the start site, specifies the site of initiation. The secondary structures hypothesized for the wild-type late leader template are shown in Fig. 9 . These are analogous to the structures drawn in the RNA sequences (21) and discussed above and that have been hypothesized to play a role in transcript attenuation (24) . A multifunctional potential for analogous structural features is intriguing.
Presumably, the advancing DNA polymerase in a replicating fork or the interaction of RNA polymerase with the template (or both) could help generate such structures. Groudine and Weintraub (19) have speculated that similar structures are formed at globin DNase I-hypersensitive sites and are stabilized by the binding of a protein to single-stranded DNA. In the SV40 DNA sequence, the potential of a strong hairpin loop immediately downstream from residue 243 has been described (16) and observed as a contribution to the distortion in DNA sequencing gels of this region (52) . Possibly related to this, Saragosti et al. (44) reported that in naked SV40 DNA, in contrast to SV40 chromatin, there is a very sensitive DNase I cleavage site at or just downstream of this region.
The hairpin loop upstream of site 243 (Fig. 9 ) cannot be strictly necessary for initiation at residue 243 since the dlK viruses and 777N cannot form this loop, yet 243 is utilized in each as the major initiation site. The KMTD viruses present a special, unique possibility. The upstream loop, between sites 182 and 243', can be formed as well as the loop downstream of the 243 site. No hairpin loop or secondary structure of similar stability can exist between the two copies of the 243 site. Several observations relative to the placement of abundant RNA 5' ends can be made. First, as in the dIK and 777N viruses, there is no potential loop preceding the downstream 243 initiation site in KMTD2, KMTD3, and dlKMTD3/2-7, yet this is a prominent RNA start site for each virus. Second, the upstream hairpin is intact in KMTD2 and KMTD3, but missing from the derivative dlKMTD3/2-7, consistent with the abundant use of the 182 site and further upstream sites by the former viruses but not by the latter virus. It is noteworthy that RNA with 5' ends at or upstream of 182 is absent with the variant SP1, which also lacks the upstream loop due to a deletion of residues 194 to 213. The preferential location of RNA 5' ends at or just upstream of 243' in dlKMTD3/2-7 is especially revealing when considered in context with the effects produced by the lesion in its parent virus, KMTD3. It would appear that displacement of a hairpin loop downstream of 243' decreases utilization of that site, but that the additional alteration of the secondary structure upstream of 243' partially restores that utilization.
Results from studies of the late RNA produced by other deletion mutant viruses (14, 21, 22, 41, 55) are not inconsistent with our model, although many are difficult to evaluate. In most instances, an extensive portion of the late leader template is removed, including sequences encoding major wild-type RNA 5' ends and sequences involved in both hairpin structures shown in Fig. 9 . In general, the major 5' ends of the mutant RNAs are heterogeneous, lie upstream of the deletion, and are either absent or less abundant in wild-type RNA. In some instances, abundant RNA 5' ends are located downstream of the deletion (14, 41) . It is also consistent with the above model and the results for these deletion mutants that elimination of the entire stem and loop region shown in Fig. 9 allows for less ordered selection of 5' termini in the possible open template, nucleosome-void region of the viral chromosome.
We have also made observations on the correlation of specific late RNA 5' ends with splicing events and on the regulation of splicing events in SV40 late RNA. In some cases, there is an apparent selection of certain 5' ends for 19S RNA but not for 16S RNA, e.g., the 5' ends at residues 190 through 210 in RNA produced by the KMTD viruses, reminiscent of our observations on wild-type RNA (17) . In that instance, late RNA with 5' ends upstream of residue 243 contribute relatively more to 19S than to 16S mRNA, as compared with RNA initiated at 243. The length of the leader sequence is certainly not the sole or principal determinant of the distribution since the KMTD viruses produce large amounts of 16S RNA beginning at the upstream 230' and 243' residues and lacking any intraleader splice. The 16S leaders in this case are at least 50 nucleotides longer than the major wild-type 16S leader.
We have considered several possible explanations for the selection existing in 19S versus 16S RNA. First, it may be due to an artifact of analysis in that a 16S RNA may be made with a 5' end at residues 190 through 210 and containing the intraleader splice from residue 212 to 352. A cDNA copy of such a transcript would have a short sequence beyond the acceptor site at 352, and we have noted a 16S cDNA of approximately the appropriate length (Fig. 4c , no. 14). We have confirmed by sequence analysis, however, that this cDNA does stop short of 352 at nucleotide 360. Hence, this artifact of analysis does not seem likely. Second, it may be argued that 16S transcripts beginning at residues 190 through 210 are inherently unstable and do not appear in the cytoplasm. We addressed this argument for the wild-type virus previously (41) and for KMTD3 in this report and observed each time that the distribution of 5' ends of unspliced nuclear precursors was similar to that for the spliced cytoplasmic forms. The relative amounts VOL. 48, 1983 on July 8, 2017 by guest http://jvi.asm.org/ 518 PIATAK ET AL. of nuclear RNA with 5' ends at residues 190 through 210 are not different from that found for the cytoplasmic species starting at residues 190 through 210. Hence, a possible unstable transcript is unlikely unless it were turned over very rapidly in the nucleus. Third, the selection of a particular 5' end could directly determine the downstream splice formed independent of any effect of downstream sequences. Our results on other mutant viruses weigh against this. Piatak et al. (41) demonstrated for the mutants d11659 and dl1626 that any 5' end could exist for either downstream 16S or 19S splice. Fourth, the structure of the leader per se would determine which downstream splice is formed. Hence, the selection of a 5' end indirectly influences the downstream splicing event in that a particular leader sequence would result. This agrees with and extends the conclusions of Ghosh et al. (14) in explaining the aberrant ratios of 16S to 19S RNA noted for different mutants in which the major 5' end sites and large portions of the common wild-type leader template are deleted. Thus, this final argument remains the most plausible to us and does not conflict with our argument that the downstream 16S splice may be a prerequisite for the formation of leader splices.
The ability of the KMTD viruses to form 16S mRNA with long leader sequences lacking the intraleader splice (residues 212 to 352) suggests that the removal of downstream sequences or execution of the downstream splice may be a necessary prerequisite, directly or indirectly, for the formation of the upstream leader splice, rather than the other way around, although more complicated explanations cannot be excluded. Further, although the internal splice in the leader of SV40 16S mRNA removes any initiation codons preceding the VP1 initiation codon from forms of 16S mRNA, such an alteration is clearly not necessary for the ribosomes to be able to bypass the two initiation codons in the leader and to start at the initiation codon for VP1.
The results of the analyses on late RNA specified by SP1 indicate that the correlation between the 16S leader to body splice and the intraleader splice mentioned above is specifically a correlation between the 16S leader to body splice and the utilization of the splice acceptor at residue 352. Late 16S RNA containing tandem repetitions of the 3' portion of the leader from residue 352 through 444 is prominent (Fig. 7) . Such tandem structures presumably are the result of a splice from the donor site at residue 444 to the acceptor site at residue 352 in a greaterthan-genome-length precursor (42) . Although the same long precursor would be available for 19S RNA splicing, no splice utilizing the acceptor site at residue 352 was detected in 19S RNA of SP1 (Table 2) . A similar observation had been noted previously for the wild-type system (16, 42) , but the very low occurrence of a tandem leader sequence in wild-type 16S RNA made it impossible to exclude its occurrence in 19S RNA.
In conclusion, the positioning of SV40 late RNAs is clearly the result of DNA sequence elements quite different from the TATA box of the "canonical" polymerase II transcription units that have been studied most extensively. Sequences proximal (likely within 20 nucleotides) to a major RNA start site seem to be most important in selecting a site, although the level to which that site is utilized is apparently modulated by more distal downstream sequences (greater than about 21 nucleotides). The influence of transient, alternative, local DNA structures on both the selection and modulation of RNA start sites should also be considered. In view of the small amount of SV40 genetic information and the several functions already assigned to the SV40 early proteins, it is attractive to consider that some subset of host genes may have their transcription under similar types of control.
